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Introduction




Quark Gluon Plasma in Heavy lon collisions
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Heavy quarkonia in HIl collisions (1)

Heavy quarkonia (J/y, Y) are good candidates to probe the QGP in
heavy ion collisions because:

- they have large masses and are radius
(dominantly) produced at the early 3.1GeV 0.50fm
stage of the collision, via hard-
scattering of gluons.

95GeV 0.28fm

* they are strongly bound (small radius)
and weakly coupled to light mesons.

Sensitive to the formation of a quark gluon plasma via color screening:
PLB 178, 416 (1986)
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Heavy quarkonia in HIl collisions (2)

However:

1. Although heavy quarkonia are hard probes, the production
mechanism (in p+p) in not well understood,;

2. There are many effects that can alter this production in presence of
normal nuclear matter (in e.g. p(d)+A);

3. Itis unclear how to extrapolate, and subtract these effects from what
IS measured in A+A, to single-out QGP effects.

Still:

As a resonance, heavy quarkonia are easy to measure (and separate
from background) as opposed to most other hard probes (photons, open
heavy flavors, jets)



J/yp production at SPS

PLB 410, 337-343 (1997)
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What happens at higher energy (x10), at RHIC ?



Heavy quarkonia measurements in PHENIX
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* p+p collisions:
production mechanism
paseline for heavy ions

* d+Au collisions:
cold nuclear matter effects

e Cu+Cu and Au+Au:
hot nuclear matter effects



|. p+p collisions:

- production mechanism
- baseline for d+A and A+A collisions




J/py measurements (1)
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Higher statistics and better control over systematics
Excellent agreement with published results

— Better constraints on models 10



JIy

measurements (2)
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Production mechanism

Several models available, that differ mainly on how the cc pair formed
during the initial parton scattering (gg at RHIC) is neutralized prior to
forming the J/y

 Color Evaporation Model (CEM)

Heavy quarkonia production is considered proportional to the cc cross-section.
The proportionality factor is fitted to data. It is independent from p; and
rapidity.

« NRQCD, or Color Octet Model (COM) NLO, NNLO*

the cc pair can be produced in an octet state. The neutralization is
realized non-perturbatively via exchange of multiple soft gluons, that
do not affect the initial cc kinematics.

« Color Singlet Model (CSM) NLO, NNLO*
at LO, a third hard gluons is use to neutralized the cc pair.
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Production mechanism (2)

Recent developments on CSM

« s-channel cut: allow the cc pair to be off-shell, prior to
interaction with the 3 hard gluon
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PRL 100, 032006 (2008)

« CSM at LO, NLO (@RHIC), NNLO* (@Fermilab)

« Accounting for J/y production from “intrinsic” charm
(taken from one of the incoming protons)

0
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Comparison to models
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Comparison to models
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Models have absolute
normalization; they are
not scaled to the data.

CSM (LO)+S channel cut,
tuned (parametrized) to
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at reproducing PHENIX
data.

Very good agreement also
achieved vs pr.
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Comparison to models
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Models have absolute
normalization; they are
not scaled to the data.

CSM (LO)+S channel cut,
tuned (parametrized) to
CDF, does a fairly good job
at reproducing PHENIX
data.

Very good agreement also
achieved vs pr.

However there are concerns about the validity of s-channel cut
approach and the magnitude of the obtained contribution

PRD 80, 034018 (2009)
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CSM at NLO + Intrinsic Charm
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PHENIX J/yp data are scaled down by
~60% to remove decay contributions.

Only p; integrated calculations are
available.

NLO contribution is negative and smaller
than LO. Allows reduction of the
theoretical uncertainty.

IC contribution is of the same order as
NLO gluon fusion, with opposite sign.



Progress are being made

« on the experimental side, to provide more precise data, and more
observables:
other resonances;
heavy quarkonia polarization (not discussed here)

« on the theoretical side, to have calculations at higher orders; to
Include more contributions; and to simultaneously describe
(and/or fit) multiple observables at different energies

18



II. d+Au collisions:

Cold nuclear matter effects

19



J/g production in d+Au (1) 2003 data

PRC 77, 024912 (2008)

Nuclear modification factor:

yield in dA
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N.,: humber of equivalent p+p
collisions for one d+Au collision at a
given centrality

Rapidity y<0: Au going side. Large x in Au nuclei (x,)

: . y>0: deuteron going side. Small x in Au

nuclei (where shadowing is expected)

At forward rapidity, J/yp production in d+Au differs from scaled p+p
20



J/gp production in d+Au (2) 2008 data
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2008 d+Au data sample = ~40 times
more statistics than 2003 published
results.

Enough statistics to provide 4 different
centrality bins and 9 rapidity bins.
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Systematic errors largely cancel in R,

R., ~1 at negative rapidity
R., < 1 and decreases with centrality at
positive rapidity
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Cold nuclear matter effects (CNM)

Anything that can modify the production of heavy quarkonia in heavy nuclei
collisions (as opposed to p+p) in absence of a QGP

Initial state effects:
- Energy loss of the incoming parton

- Modification of the parton distribution functions (npdf)
- Gluon saturation (CGC)

Final state effects:

Dissociation/breakup of the J/y (or precursor cc quasi-bound state)
Modeled using a break-up cross-section cyeauup

22



Modified PDF (npdf)

npdf refer to the fact that parton
distributions (as a function of x;,) inside
a nucleon differ whether the nucleon is
Isolated or inside a nuclei.

Gluon nuclear npdfs are poorly known,
especially at low x (shadowing region).

Various parametrizations range from

* little shadowing (HKNO7, nDS, nDSgQ)
* moderate shadowing (EKS98, EPS09)
* large shadowing (EPS08)

Grayed area correspond to uncertainty

due to limited data available for
constrain.
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Gluon saturation

Provides a different picture of the dAu collision and how J/y is
produced:

Nucl.Phys.A770, 40-56 (2006)

At low enough X, (in the target nuclei), the gluon wave functions

overlap. The cc pair from the projectile parton interacts coherently with
all nucleons from the target, resulting in the J/p formation.

This is applicable at low x, (forward rapidity) only;

makes the use of Gy e, Irrelevant in this regime.

24



RdAu

PRC79, 059901 (2009)
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Take a npdf prescription (here EKS)
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Cross-section Gy eakup

Fit the best o e 10 the data,
properly accounting for correlated
and uncorrelated errors.

Here a unique cross-section is

used across the entire rapidity
range
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JHEP 0902, 014 (2009)
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Putting o eakup @S a function of Vs and comparing to other experiments
shows some sort of global trend, yet to be explained theoretically.
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Same exercise as with the 2003 data:

» Take an npdf prescription (here
EPSO09)

* Add a breakup cross-section

* Make predictions as a function of
centrality

«Compare to (more precise) 2008 data.

At forward rapidity, this approach
cannot describe both the peripheral
and the central data.

This is best illustrated by forming the
ratio of the two (Rcp)

On the other hand, data are
reasonably well reproduced at forward
rapidity by CGC for all centralities.
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Same exercise as with the 2003 data:

» Take an npdf prescription (here
EPSO09)

* Add a breakup cross-section

* Make predictions as a function of
centrality

«Compare to (more precise) 2008 data.

At forward rapidity, this approach
cannot describe both the peripheral
and the central data.

This is best illustrated by forming the
ratio of the two (Rcp)

On the other hand, data are
reasonably well reproduced at forward
rapidity by CGC for all centralities.
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Centrality dependence of CNM effects (1)
arXiv:1010,1246 (2010)

Centrality dependence can be expressed as a

function of the density weighted longitudinal

thickness /A(r) seen by a deuteron nucleon as it

passes through the Au nucleus at impact

parameter r.

A(r) == [dzp(z,1,)
Lo

One can assume several functional forms for the
dependence of the J/psi suppression vs A(rt):

—aA(ry)

exponential: M (r;) =e
linear: M (r;) =1—aA(r;)
quadratic: M (7)) =1—aA(r;)?

Knowing the distribution of r; (vs centrality), each form induces a unique
(parameter free) relationship between R, and R, (in arbitrary centrality bins)

One can plot these relationships, and compare to data (as well as models)
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Centrality dependence of CNM effects (2)

arXiv:1010,1246 (2010)

e Jiy12<y<24 - Various thickness dependencies
chosen for illustration differ
mostly at forward rapidity.
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- centrality dependent prediction in EPS09 assumes linear dependency
- break-up cross-section accounting assumes exponential dependency
- extrapolation from pA/dA to AA have always assumed linear dependency

None of the above works at forward rapidity (but we use it nonetheless)
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Two approaches emerge for describing Cold Nuclear Matter effects on J/y
production in d+Au collisions:

* (poorly constrained) npdf + initial energy l0ss + oy,¢a4up
It cannot describe latest PHENIX data at forward rapidity. Additional
effects might be at play.

* gluon saturation CGC
It provides an alternative description of the collision at low x, (y>0) and
(at least qualitative) explanations to some of the observed effects.

hovever, it has no prediction for high x (y<0).

- How does CGC connect to the more standard approach above ?
- How does one extrapolate CGC from d+A to A+A ?
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I1l. A+A collisions:

anomalous suppression ?
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J/W R, VS N, .
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J/W R, VS N, .

2004 data published in
PRL 98, 232301 (2007)
J/IW Raa VS Npars Pr and rapidity

2007 data (~ x4 statistics) are still
being analyzed.
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and extrapolated CNM (1

PRC79, 059901 (2009)
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Here a unique break-up cross section is
derived from the mid and forward
rapidity d+Au data (2003), for two npdf
prescriptions, and extrapolated to
Au+Au

Error bars from CNM are large;

Difference between npdf prescriptions is
modest;

Even in the worst case, there is some
additional suppression observed in most
central Au+Au collisions, beyond CNM,;

There appear to be more anomalous
suppression at forward rapidity.
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PRL101, 122301 (2008)
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Data are from 2005 Cu-Cu and
2004 Au-Au.

Lines are cold nuclear matter
effects extrapolated from 2003
d-Au data, using different oy eaxup
for mid and forward rapidity

Cu-Cu and Au-Au ratios match
well where they overlap.

In Au+Au the suppression is
larger than expected from CNM

There is (still) more suppression
at forward rapidity than at mid-
rapidity, but the difference can
be absorbed by CNM
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over CNM in Cu+Cu and Au+Au

Raa/RAA(CNM) vs Ny
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Opreakup AN errors estimated from 2008 data

[T ' ! h ' @ PHENIX Au+Auy=0
. EKS98 CNM baseline m PHENIX AutAuy=1.7

PHENIX Cu+Cuy =0
PHENIX Cu+Cuy = 1.7 are washed out.

Differences between mid and
forward rapidity measurement

|
2

|
|
b ————
g
— — I_'

[= == =1

Narrow boxes - correlated sys
Wide boxes - CNM baseline sys

B ($]obal for each Idata set)

- Suppression beyond cold
1 nuclear matter effects is

observed, consistent with
_| deconfinement

]
0 100 200
Npart

400

37



Comparison to SPS data

Raa/Raa(CNM) vs dN/dn (at n=0)
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dependency (1) Cu+Cu collision
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........................

Behavior at high p+ is very discriminating vs models,
but we need much more statistics to draw firm conclusions
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p+ dependency (2) Au+Au collisions

2 PRL 98, 232301 (2007)
! ! I

Some hint of increase with p;
for central collisions, but:

e errors are large

* p7 coverage is quite modest.

Note that an increase of R,, at
high p; Is consistent with an
increase of <p?> from p+p to
A+A (Cronin effect ?)
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V. More tools: other resonances
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Jiy from y, < 42% (90% CL) |
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W’ production

Cross section vs p+:
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Y production in p+p collisions

™ F PHENIX PRELIMINARY
NTds P @ N5=200 GeV |y]<0.35
G E —8— Measured Yield
= Total signal
JOE 77 Iy
S 7 Soh 4
~ - ——— Y(IS+25+3S)
% 10 / S2E Correlated cc and bb
// fitititd Drell-Yan
%
10 %
% S
1E
2 3 4 5.6 7 82910
e*e invariant mass [GeV/c’]
;:L _l L P L Total Sum
=z — Open Bottom(Pythia)
’ — en Bottom 1
102 = Runepp OSen Charm(Pyﬁhia)
South Arm Upsilon(15+25+3S)
—~— 22<y<-.2
PH><ENIX Preliminary -
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Rapidity dependence:
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zj, B == Drell Yan(Pythia) =S e d A mmmm Drell Yan(Pythia)
=== Open Bottom(Pythia) r s Open Bottom(Pythia)
107 £ p+ p Runepp Ogen Charm{PyxtrhiaI:) u RunSdAu Open Charm(Pythia)
Upsilon(15+2S5+3S) Upsilon(1S+25+38)
South Arm o South Arm
N 22<y<-2 E T~ 22<y<-12

PH-<ENIX Preliminary PH>SENIX Preliminary
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Run8dAu/Run6pp :

First Y measurement at forward rapidity e 4,
(1.2<]y[<2.2) in d+Au collisions

\fSNN =200 GeV —— T(15+2S+3S) - u'u, |yl e [1.2,2.2¥

1.2 y>0: d(Deuteron) going side |
y<0: Au(Gold) going side
1 e e e i i i
Rgau = 0.84+0.34(stat.)+0.20(sys.), y [-2.2, -1.2] | .5 ’
Rya, = 0.53+£0.20(stat.)+0.16(sys.), y [1.2, 2.2] 0.6

04 4 11% Global Uncertainty
0.2 N
| | PH-ENIX Preliminary
o-sll |-2| ||-I1||| {I] |||1|| |2| |3
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8 103 =a—
=z 107 PHENIX preliminary -
== Au + Au at \5,;200 GeV PHENIX preliminary
102__ 2= ® e Rya, < 0.64 at 90 % CL
= == —&— g'e* +ee
E i O e*e mixed
“E +
- % fi
1 :— -
10-1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |_¢TI 1 _| L0 | Lnn | Ld | Lon | L0 T | L | L J L
4 5 6 7 8 9 10 1 2 % 02 04 06 08 1 12 14 16 18 2
m,, (GeVic’) Ry, for m,, € [8.5,11.5] in (GeVic?)

« Compute a double ratio of (high mass dileptons)/(J/y)
between p+p and Au+Au, to cancel systematics

» Using J/y R,, , derive a 90% CL for high-mass dileptons R,

| Rauau [8.5,11.5] < 0.64 at 90% C.L. |
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Conclusions

Understanding heavy quarkonia production in p+p collisions has
shown a lot of activity recently, notably due to the availability of
* more precise J/y data

* other resonances

(not to mention J/y “polarization”, not discussed here)

Two approaches emerge for describing Cold Nuclear Matter
effects on J/y production in d+Au collisions:

* (poorly constrained) npdf + initial energy l0ss + oy eakup
 gluon saturation CGC (at low x)

Note that the interplay between the two is not clear (to me)

It is critical to understand all these CNM effects, and how they
extrapolate to Au+Au, if one wants to be quantitative about any
anomalous suppression in Au+Au
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Tools to study heavy ion collisions (1)

Collision characterization:
Centrality is related to the distance between the center

of colliding nuclei (impact parameter b) {5 g:
¢
. 0

Central collisions: small b ':c, 3:’

Peripheral collisions: large b

Noart IS the number of nucleons participating to the HI collision
N IS the number of binary (pp) collisions in one HI collision
Both increase from peripheral to central collisions

Collision

d+Au (all centralities) 7.6 £0.3
Au+Au (all centralities) 109+4 25825
Au+Au (10% most central) 3253 955+94

49



E537 N el Several systematic studies of
I EE R Ghreakup (OF Gy @re available,
NA3 L | | | :
o using all world data on J/y lepto
NA3S o and hadro- production
NAS0 N
Eur. Phys. J. C 55, 449-461 (2008)
E672 o
: including EPS08
ES66 H— ] E E E 3 F.Arleo and VN,Tram
| | | | | Eur. Phys. J.C 55,449-461(2008)
HERA-B |—a—4 ’ PRC77, 024912 (2008)
PHENIX | - i ! L1 IS  Eur-Phys.J.C48,329(2006)
AN I 8 Dihars: siak,
NC : : : : : =FIYSL I,
NMC ! ! : : : [l C-Gerschel and J.Hufner
. | | | i Z:Phys.C56,171 (92)
e E— Ulllll’lIl-llilllfllulllﬂllll'llﬂlll'IIEIII'II#I
0 2 4 6 8 10 12 T gt (MB)
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X4, X5, Xg dependency

Here use alpha instead of RdAu

_ (04
O pp = appA

Npdf + Gpeakup PICtUre expects scaling
as a function of x,, which is obviously

not observed.

1.1

1.0

0.8

0.7

0.6

PRL. 96. 012304

I rri II 1 I 1 I rri II
NA3 (19 GeV)
O EB866 (39 GeV)
@ PHENIX (200 GeV)
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X4, X5, Xg dependency

PRL. 96. 012304

Here use alpha instead of RdAu
_ o
Oop =0 A
Npdf + Gpeakup PICtUre expects scaling
as a function of x,, which is obviously

not observed

Somewhat better (though not perfect)
scaling observed as a function of x.

0

1.1

1.0

0.9,

0.8

0.7

0.6

| |
NA3 (19 GeV)

O E866 (39 GeV)
@ PHENIX (200 GeV)

PR I T A TR I T N T |
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Xe

52



X4, X5, Xg dependency

PRL. 96. 012304

Here use alpha instead of RdAu
. a
Oop =0 A

Npdf + Gpeakup PICtUre expects scaling
as a function of x,, which is obviously
not observed

Somewhat better (though not perfect)
scaling observed as a function of x.

At least for NA3 and E866, the high
Xg decrease can be explained by
initial state energy loss.

1.1

1.0

0.9,

0.8

0.6

| |
NA3 (19 GeV)

O E866 (39 GeV)
@ PHENIX (200 GeV)

PR I T A TR I T N T |
00 02 04 06 08
Xe
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Model predictions by R. Vogt

07E45.05% Global Scale Uncertainty [%]E}] .

M:_[l.zn% PHENIX preliminary

-2 -1 0 1 2

« Small and moderate shadowing fail to reproduce the high rapidity data
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Model predictions by R. Vogt

- 15.05% Global Scale Uncertainty
ﬂ‘ﬁz_ﬂ-zﬂ“fu PHENIX preliminary

-2 -1 0

« Small and moderate shadowing fail to reproduce the high rapidity data

S
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Model predictions by R. Vogt

i
A u &
i 15.05% Global Scale Uncertainty s=4mb
0.6F-0-20% PHENIX preliminary j
e
y

« Small and moderate shadowing fail to reproduce the high rapidity data
« Large shadowing (EPS08) does a better job, but does not really match
lower energy data

Either we are missing some ingredient, or the full picture
(Npdf + Greqiyp) IS NOL quite correct.
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06F-0-20% PHENIX preliminary - e PHENXsys  +50-41mb ElossP
e 16— . ES66
-2 1 0 1 2 C HERAS
Model predictions by R. Vogt y 14~ -
g J ’ - J/L|J
: : , 12—
* shadowing + fixed oo dON't match S 0
the observed rapidity dependency =T
£ 8 *
« Use d+Au data to extract effective b o $ | M
: — . - .
Gireaiap &S @ function of rapidity which ol el .
parameterizes all the effects that - H 1 EF EFU ? LT P O
shadowing is missing 2- m
. . 0F
« Same trend Is observed at mid and TR
-2IIIIIII\I\IIIII\IIII\IIIII\IIIIIIIIII\II

forward rapidity by E866 and HERA-B 2 15 1 05 0 05 1 15 2
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Impact of production mechanism (1)

arXiv:0912.4498

=
=

1.1
1]

0.9

0.7—

i

0.8
g -

iz

Intrinsic p, with EKS98
Gp=0 miby
0,..= 2 mb
Cop= 3 mi
{sm: & mb

Extrinsic p . with EKS98
CTILT .;5“M= 0 mb

Statement from previous slide is even
more true when properly accounting for
the production kinematics :

How the p; and y of the J/y relates to the
initial partons’ momentum (x, and x.)
depends on the production mechanism.

- for COM like processes, the reaction
involved is of type 2—1 (intrinsic p+)

- for CSM like processes, the reaction
involved is of type 2—2, with a fraction of
the momentum being carried by the third
hard gluon (extrinsic p;)

= A different x-region of the (n)pdf is
sampled, which affects the suppression
pattern.

The position of the anti-shadowing peak is shifted towards higher vy;
The effect of shadowing is smeared.



Impact of production mechanism (2)

arxiv:0912.4498

& g e
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o8- ~—_.. . W — - Here, EKS, EPS08 and nDSg
I shadowing are used, compared to most
0.6 0-20% EKS .
it central 2008 d+Au data.
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o 3: _—E{:li —— ¥_ ] cYbreakup'
- P [ e —
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Gluon saturation (3)

CGC formalism aims to explain
* why X, scaling is not observed,

« why approximate x. scaling is
observed, provided that the
energy difference between the
experiments being compared is
not too large

Calculations also available for Au+Au

collisions (PRL.102:152301,2009)

y &

1

0.9

0.8

Nucl.Phys.A770:40-56,2006 NA3 (19 GeV)
B O EB866 (39 GeV)
B G ‘ ________________ @ PHENIX (200 GeV)
—_dashed—dotted .
_ dotted . vs = 200 CeV
C_solid . vs = 38 GeV
C dashed . vs = 19 GeV 4
I | | s | I Bl | [ Ll I | I | 11

0 0.2 0.4 0.6 0.8 1
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Jhy elliptic flow

e kg Jiy Au+Au 200 GeV [20-60%]
PHENIX preliminary

[} 0.3 T T T T T 11 | T 11 | T 11 | T 17 | T 1T | T 1 | T 1T | T 1T

= B Coalescence T ]
- at freeze-out (PLB595,202) | Initially produced PRL97:232301}

L in transport model (PLB655,126) yP v } —

0.2 in fireball (PRL97:232301} Comovers (Lynnik priv. comm.} —

B + initial mix {Zhao, Rapp priv. comm.} =

L M [ _
01— —

0 bdrnsmmin F - e . . T i 7L I"J_""""""""""”"""""

- E2 1 \/w ]
01— —

-0.2
= il ()  y|=0.35 42% Run-7 —
~ Global Relative SFst. + 3051 1 ® lyle[1.2,2.2] onlire filtered -

-U 3 _I 1 1 1 | I | I . | -I- I 1 1 | I . | L 1 1 | | | | L 1 1 | | | | 1 11 I_

0 0.5 1 1.5 2 2.5 3 35 4 45

pT (Gech
This is a first measurement, at both mid and forward rapidity.
Very limited statistics so that no strong conclusion can be drawn.

Need more data, and detector upgrades.
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